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ABSTRACT 
The human apolipoprotein E gene (APOE) plays an important role in 
metabolizing lipids, regulating plasma cholesterol, and maintaining biological function. 
Structural differences in APOE variants impact cholesterol absorption and health risk, 
so that alleles serve as biomarkers for numerous cardiovascular and neurological 
diseases (Lai 2015). Variant differences are determined by changes in two single 
nucleotide polymorphisms (SNPs), rs429358 and rs7412. Distribution of alleles varies 
across populations. Allele frequencies in populations have been shown to be associated 
with cultural and environmental factors, including subsistence strategy and latitude 
(Eisenberg 2010). 
This study aims to provide a cross-population, genetic association study between 
APOE, subsistence strategy, and latitude. The objective of the study is to examine the 
roles that subsistence and latitude have in shaping APOE allele frequencies within 
populations. The study hypothesizes that E3 correlates with agriculture / post-
agriculture and low latitude, and E4 correlates with non-agricultural and high latitude. 
The study further predicts that E2 is not linked to either subsistence or latitude. 
To test these hypotheses, genotype data on 124 APOE SNPs, and subsistence 
and latitude data was compiled for 26 populations. The data were adjusted for 
population stratification, and remaining SNPs were tested for significance based on 
linkage between loci. Afterward, subsistence and latitude were first tested as 
independent variables for an association with each SNP / haplotype, then as covariates.  
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Results on the associations between APOE and subsistence and latitude were 
mixed. SNPs rs429358 and rs7412 were confirmed to be significant in determining 
APOE variation. Association results on each SNP showed a link between rs429358 and 
subsistence, and latitude, as well as between rs7412 and latitude – but not between 
rs7412 and subsistence. Association results on haplotypes confirmed the hypothesis 
that subsistence and latitude each play a role in APOE distribution – although this role 
lessened when considering the other variable. When subsistence and latitude were 
treated as independent variables, E3 showed an association with both subsistence and 
latitude. Yet, the correlation between E3 and subsistence disappeared when latitude 
was a covariate. Further, while E4 was confirmed to be associated with subsistence, 
this association decreased when latitude was a covariate.  
The study also confirmed the subsistence hypotheses, with E3 linked to post-
agriculture (when subsistence was an independent variable) and E4 linked to non-
agriculture. However, the study refuted the latitude hypotheses by showing a reverse 
association than predicted, with E3 being associated with high latitude and E4 being 
associated with low latitude. Also, contrary to the hypotheses, E2 was shown to be 
associated with both subsistence and latitude. In summary, results from the study 
support an association between APOE, subsistence, and latitude; however, the results 
do not support the direction of association between specific APOE alleles and these 
variables. 
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1 INTRODUCTION 
1.1 Apolipoprotein E 
The human apolipoprotein E gene has been extensively studied by biomedical 
researchers for the role that it plays in regulating plasma cholesterol, repairing cells, and 
maintaining body function (Liu 2015). APOE has three codominant alleles: (1) E2, (2) 
E3, and (3) E4, resulting from changes in SNPs rs429358 and rs7412 (Utermann et al. 
1980, Mahley et al. 2009, Villeneuve et al. 2014). Structural changes of these alleles 
affect function (Liu 2015). Changes impact major organs, including the liver, kidneys, 
and brain (Hu et al. 2011, Liu 2015), thereby affecting health risk and susceptibility to 
disease. Distribution of APOE alleles varies across populations, and variants serve as 
biomarkers for cardiovascular and neurological diseases (Lai 2013, Villeneuve et al. 
2014). Research has also yielded findings showing that cultural and environmental 
factors, including subsistence strategy and latitude, are strongly associated with allele 
frequency (Corbo and Scacchi 1999, Eisenberg et al. 2010). 
Both subsistence and latitude have been linked to APOE frequencies (Corbo and 
Scacchi 1999, Eisenberg et al. 2010). A non-agricultural (foraging, pastoralism, and 
horticulture) and agricultural / post-agricultural (agriculture, industrialism) population 
divide exists between E3 and E4 frequencies (Corbo and Scacchi 1999, Benyshek and 
Watson 2006, Trumble et al. 2017). A north-south population gradient of these two 
alleles also exists (Gerdes et al. 1992, Lucotte et al. 1997, Singh et al. 2006, Zhang et 
al. 2010, Hu et al. 2011). E2 has not been shown to have a link with subsistence or 
latitude (Corbo and Scacchi 1999). Findings on an association between APOE, 
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subsistence, and latitude have widespread implications for future studies on the gene 
and disease. 
 
1.2 Aims 
This study seeks to gain further insight into the roles that subsistence strategies 
and latitude play in determining apolipoprotein E allele distribution within populations. 
The study reviews biomedical research on APOE, subsistence, and latitude. 
Additionally, the study examines the association between APOE and these factors by 
compiling data from the 1000 Genomes Browser (1KGB), merging these datasets in 
VCFtools, and conducting statistical testing through PLINK software program. 
The objective of this study is to examine the relationship between APOE, 
subsistence, and latitude in human populations. Structural differences between alleles 
play a key role in the regulation of plasma cholesterol (Mahley et al. 2009), with E2 and 
E3 demonstrating decreases in cholesterol and E4 demonstrating an increase in 
cholesterol (Liu 2015). Coupled with subsistence and latitude, which possibly impact 
cholesterol needs (Corbo and Scacchi 1999, Eisenberg et al. 2010), functional changes 
in alleles can be either advantageous or deleterious within populations.  
Based on allele function and previous findings (reviewed below), the study 
hypothesizes a negative correlation between APOE and subsistence, whereby E4 
(prevalent with non-agriculture), decreases with agriculture / post-agriculture – with the 
inverse being true for E3. The study also hypothesizes a positive correlation between 
APOE and latitude, whereby E4 increases with latitude – in direct contrast to E3 
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(reviewed below). E2 is not predicted to be linked to either subsistence or latitude (See 
TABLE 1.2). 
 
TABLE 1.2 Apolipoprotein E Association Hypotheses 
HAPLOTYPE SUBSISTENCE* LATITIUDE** 
E2 No Correlation No Correlation 
E3 Agriculture, Industrialism Low Latitude 
E4 Foraging, Pastoralism, Horticulture High latitude 
*negative correlation **positive correlation 
 
1.3 Layout 
 This thesis consists of six chapters. Chapter 1 begins with a summary section 
that briefly introduces apolipoprotein E and findings from previous studies. The second 
section of this chapter then discusses the research objectives for the study. The current 
section (1.3 Layout) provides an outline of the thesis chapters and subchapters. 
 Chapter 2 delves into the background of the apolipoprotein E gene and protein. 
The first two subchapters discuss the role that apolipoprotein E plays in regulating 
plasma cholesterol and how the structure of apolipoprotein E variants impact function. 
The third subchapter explains the importance of APOE polymorphisms in research on 
health risk and disease. The last two subchapters discuss findings from previous 
association studies, which have linked APOE frequencies to both subsistence strategies 
and latitude. 
 The remainder of the thesis details the five phases of the study: (1) Data 
Collection (2) Compact Datasets (3) Data Management and Summary Statistics (4) 
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Population Stratification, and (5) Association. Chapter 3 describes the materials and 
methods, including statistical analyses. This chapter outlines Phases 1 through 5.  
Chapters 4 and 5 are divided into two parts. In Chapter 4, the first two 
subchapters describe the compiled data, as well as the pruned dataset. The remaining 
three subchapters examine the results of Phase 4 and Phase 5. Results include those 
of an indep-pairwise LD test and of a Hardy-Weinberg (HW) significance test, as well 
as, findings of association tests for APOE SNPs rs429358 and rs7412, and for APOE 
haplotypes E2, E3, and E4. Chapter 5 follows up with a discussion of results and 
theories regarding findings from previous studies. This chapter also offers possible 
theories for findings. 
 Finally, Chapter 6 concludes the thesis. The first section gives a brief summary of 
the study hypotheses and results. The second section discusses the strengths and 
limitations. The final section points out potential areas for future research. 
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2 BACKGROUND 
2.1 Apolipoprotein E Gene / Protein 
Discovered by V. Shore and B.G. Shore in 1973, and named by Gerd Utermann 
in 1975 (Liu 2015), the human apolipoprotein E (APOE) gene has been shown to be a 
biomarker for cardiovascular, and neurological diseases – leading to numerous 
association studies of the gene (Fullerton et al. 2010). APOE is located on chromosome 
19 of the human genome. Found at 19q13.32, the gene spans base pairs 44,905,749 to 
44,909,395 on the chromosome. APOE is composed of three introns and four exons, 
totaling 3,597 base pairs (Lai 2013). The apolipoprotein E gene encodes the lipid-
binding protein of the same name, apolipoprotein E (apoE). 
The apoE protein is a 34-KDA polypeptide composed of 299 amino acids, and 
synthesized primarily in the liver and macrophages (Mahley et al 2009, Villeneueve et 
al. 2014). As a part of a class of six lipid-binding proteins, apoE’s main function is in 
regulating plasma cholesterol. As a component of both low density lipoproteins (LDLs) 
and high density lipoproteins (HDLs), apoE helps in the uptake of cholesterol-rich 
lipoproteins through low density lipoprotein receptors (LDLRs) and high density 
lipoprotein receptors (HDLRs). These receptors then transport and release cholesterol 
through the bloodstream (Liu 2015).  
HDL cholesterol (HDLC) is transported back to the liver through reverse 
cholesterol transport (RCT) (Liu 2015), and the cholesterol is metabolized to be used in 
the production of bile for digestion and as a building block for cells (Villeneuve et al. 
2014). In contrast, LDL cholesterol (LDLC), is quickly absorbed into the macrophages, 
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resulting in atherosclerosis (Liu 2015) and increasing risk for diseases such as 
cardiovascular disease (CVD) (Lai 2013) and Alzheimer’s Disease (AD) (Ma et al. 
2016). Thus, apoE’s role in metabolizing HDLC and LDLC is key in maintaining body 
function (Villeneuve et al. 2014). 
 
2.2 Apolipoprotein E Variants 
Apolipoprotein E exists in three codominant alleles: (1) E2 (which codes for the 
apoE2 isoform), (2) E3 (which codes for the apoE3 isoform), and (3) E4 (which codes 
for the apoE4 isoform) (Villeneuve et al. 2014). Several other gene variations also exist, 
including E1 and E5; however, these mutations are rare and exist in less than 1% of the 
human population (Corbo and Scacchi 1999, Liu 2015).  
Allele differences result from nucleotide substitutions in two non-synonymous 
single nucleotide polymorphisms (SNPs), rs429358 and rs7412 (Bekris et al. 2008), 
located on exon 4 of the apolipoprotein gene. Alleles vary based on a change of 
nucleotide bases between thymine (T) and cysteine (C) in each SNP. Changes in 
nucleotide bases take the form of T-rs429358/T-rs7412 in E2, T-rs429358/C-rs7412 in 
E3, and C-rs429358/C-rs7412 in E4 (Aucan et al. 2004) (See TABLE 2.2.1). Together, 
these haplotypes allow for three homozygous genotypes: (1) E2/E2, (2) E3/E3, and (3) 
E4/E4, as well as three heterozygous genotypes: (1) E2/E3, (2) E2/E4, and (3) E3/E4 
(Villeneuve et al. 2014). 
 Variations in APOE alleles have a significant impact on apoE phenotypes. 
Nucleotide substitutions in the gene lead to amino acid substitutions in the protein. 
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Changes are expressed in three isoforms: (1) apoE2 (coded for by E2), (2) apoE3 
(coded for by E3), and (3) apoE4 (coded for by E4). ApoE isoforms are noted by a 
single amino acid substitution between arginine (arg) and cysteine (cys) at residues 112 
and 158 on the protein. Substitutions take the form of cys112/cys158 in apoE2, 
cys112/arg158 in apoE3, and arg112/arg158 in apoE4 (Aucan et al. 2004) (See TABLE 
2.2.1). Amino acid substitutions cause structural changes that impact apoE function. 
 
TABLE 2.2.1 Apolipoprotein E Substitutions and Variants 
HAP Nucleotide Base Substitution Isoform 
Amino Acid 
Substitution GENO Variations 
 rs429358   rs7412  112            158  HAP1   HAP2 
E2 T                         T ApoE2 Cys            Cys E2/E2 TT             TT 
    E2/E3 TT             TC 
     E2/E4 TT             CC 
E3 T                         C ApoE3 Cys             Arg E3/E3 TC             TC 
    E3/E4 TC             CC 
E4 C                        C ApoE4 Arg             Arg E4/E4 CC            CC 
  
Structural differences in apoE isoforms lead to differences in the rate of 
cholesterol absorption by each variant, thereby affecting cholesterol levels in the 
bloodstream (Mahley et al. 2009, Liu 2015). Differences are seen in lipoprotein and 
lipoprotein receptor preference, whereby isoforms have differential affinity for these 
molecules and receptors (Saito et al. 2001). ApoE2 demonstrates a marked affinity for 
HDLs, in contrast to apoE4’s affinity for LDLs. These changes impact the ability of apoE 
to bind with LDLRs, which transport artery-clogging LDLC. The bonds between apoE4 
and LDLRs are 50 – 100 times stronger than those between apoE2 and LDLRs. In 
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contrast to apoE2 and apoE3, apoE3 is the most neutral of the isoforms, due to its 
preference for HDLs and its contrasting affinity for LDLRs (Liu 2015).  
Isoform differences in lipoprotein and lipoprotein receptor preference influence 
plasma concentration of apoE in individuals, which negatively correlates to clearance 
rate of lipoproteins (Han et al. 2016, Liu 2015). Individuals with the apoE2 phenotype 
show the highest concentration of apoE (Corbo and Scacchi 1999, Liu 2015), as well as 
the slowest uptake rate of lipoproteins. Slow uptake of lipoproteins ultimately leads to 
slower absorption of cholesterol (Liu 2015), resulting in lower overall cholesterol in the 
bloodstream (Corbo and Scacchi 1999, Hu et al. 2011). In comparison, individuals with 
the apoE4 phenotype have a lower concentration of plasma apoE (Corbo and Scacchi 
1999, Liu 2015) but a high clearance rate, leading to quick cholesterol absorption (Liu 
2015) and an increase in overall cholesterol levels (Corbo and Scacci 1999, Hu et al. 
2011, Liu 2015) (See TABLE 2.2.2). Overall cholesterol levels play an important role in 
health and fitness; the impact of plasma cholesterol is seen in the disease risk of E2, 
E3, and E4 carriers (Gonzalez 2016).  
 
TABLE 2.2.2 APOE Isoforms in Cholesterol Metabolism 
Isoform Lipoprotein Preference LDLR Affinity Concentration* Clearance Rate** 
ApoE2 HDL Low High High 
ApoE3 HDL High Medium Medium 
ApoE4 LDL High Low Low 
*E2>E3>E4 **E4>E3>E2 
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Susceptibility to disease varies by genotype, and risk is cumulative with each 
allele present (Corbo and Scacchi 1999). While E3 carriers tend towards moderate 
levels of plasma cholesterol, carriers of E2 and E4 show marked differences in their 
concentrations of HDLC and LDLC. Studies have shown that while E2 carriers have 
lower overall cholesterol levels, they also have higher concentrations of HDLC, which 
serve as a protection against CVD and neurological diseases such as AD (Lai 2015). In 
contrast, E4 has been associated with higher concentrations of LDLC, which leads to an 
increased risk of disease – particularly for homozygotes. For example, E4 carriers are 
more likely to develop AD than E2 carriers, and the odds of developing AD increases by 
20% for homozygous carriers (Villeneuve et al. 2014).  
 
TABLE 2.2.3 APOE Genotypes and Odds Ratio for Alzheimer’s Disease (AD) 
GENO 
OR  
(< 1 are protective against AD; 
 > 1 are susceptible to AD) 
E2/E2 0.20 
E2/E3 0.20 
E2/E4 2.60 
E3/E3 1.00 
E3/E4 3.20 
E4/E4 14.90 
Studies have shown that a single copy of E4 leads to lower neurological fitness; two copies of E4 
decreases fitness further. 50% of AD patients carry the E4 allele, and homozygous carriers have a 20% 
increase in likelihood of developing AD (Villeneuve et al. 2014). 
 
2.3 Apolipoprotein E Single Nucleotide Polymorphisms 
 Genetic variation studies have extensively examined APOE and its association 
with common CVD and neurological diseases (Burns et al. 1972, Gonzalez 2016, Zhang 
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et al. 2010). However, while literature extensively covers rs429358 and rs7412, an 
association has also been found between disease and other APOE SNPs (Bekris et al. 
2008, Bizarro et al. 2009, Masoodi et al. 2012, Ma et al. 2016, Limon-Sztencel et al. 
2016). APOE includes several polymorphic SNPs, each of which has been shown to 
have causal effects on gene variation and risk to disease. An association test between 
APOE and AD revealed seven highly-polymorphic SNPs that have been correlated with 
AD: rs121918398, rs12198394, rs41382345, rs11542041, rs11542040, rs1142034, and 
rs11083750 (Masoodi et al. 2012).  
 APOE-correlated diseases have also been linked to rs405509 on the promoter 
region of the gene (Ma et al 2016), as well as to rs449467 and rs769446 (Bizzarro et al. 
2009). These APOE SNPs serve as biomarkers for CVD and neurological diseases, 
including hypertension, coronary heart disease (CHD), and dementia (Limon-Sztencel 
et al. 2016). Thus, the association between APOE polymorphisms and environmental 
factors that impact cholesterol intake, basal metabolic rate (BMR), and cholesterol 
needs, has become an important study in biomedical research (Eisenberg et al. 2010).  
 The myriad of association studies on APOE, disease, and environment, have 
revealed surprising findings about APOE SNP correlation and the complexity of the 
gene. Causal effects on gene variation are intricate and likely the contribution of more 
than the two commonly-studied SNPs, rs429358 and rs7412 (Bizarro et al. 2009, Ma et 
al. 2016, Limon-Sztencel et al. 2016). This complexity highlights the importance of 
APOE variations and suggests the need for additional research on other gene 
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polymorphisms, as molecular studies yield new discoveries on the relationship between 
the gene, disease – and environment.  
 
2.4 Association with Subsistence 
 Due to findings of a correlation between APOE and disease, APOE is amongst 
the most widely examined polymorphisms in genetic association studies (Fullerton et al. 
2010). Studies have expanded to include research on the environmental variables that 
play key roles in the distribution of APOE alleles within and between populations 
(Eisenberg et al. 2010). While APOE alleles serve as biomarkers for disease, 
seemingly-deleterious allele variants may also have evolutionary advantages, causing 
them to be selected for in certain populations (Benyshek and Watson 2006, Corbo and 
Scacchi 1999, Trumble et al. 2017). Notable factors, including subsistence patterns 
(See TABLE 2.4.1), play a large role in the selection of gene variants within populations 
(Hancock et al. 2010).  
 Variance in subsistence strategies may account for the differences in allele 
frequencies between populations. Why specific alleles are more prevalent in certain 
populations is unknown. Theories suggest that subsistence strategies impact 
cholesterol intake (Corbo and Scacchi 1999) and energy expenditure (Boone 2002), 
which in turn, affect cholesterol needs. However, these theories remain unsubstantiated 
(Benyshek et al. 2006, Pontzer et al. 2012, Raichlen et al. 2017). 
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TABLE 2.4.1 Subsistence Strategies and Explanations 
Category Subsistence Strategy Explanation 
Non-Agricultural Foraging Plant collection, hunting, fishing  
 Pastoralism Domestication of animals  
 
Horticulture 
 
 
Crop production on periodically-cultivated soil, left 
fallow after periods of use  
Agricultural / Post-
Agricultural Agriculture Crop production on permanently-cultivated land  
 Industrialism Standardized crop production  
 
 While only a handful of populations continue to rely on foraging as a 
subsistence strategy, this strategy has left a biological imprint on the human genome (Di 
Rienzo and Hudson 2005). Foraging and other non-agricultural populations 
demonstrate high rates of E4 (Corbo and Scacchi 1999). In the African Pygmies, a 
foraging people, E4 maintains a frequency of 40%, which is the highest known 
frequency of E4 in human populations. Another African people, the Khoisan, are also 
amongst the human populations with the highest frequency of E4, at 30%. Like the 
Pygmies, the Khoisan rely on foraging, as well as pastoralism (Corbo and Scacchi 
1999, Fullerton et al. 2000). In contrast, E3 has been shown to be higher in agricultural / 
post-agricultural populations, suggesting that the gradual replacement of foraging with 
agriculture and industrialism gave rise to increase rates of E3 over time. Agricultural and 
industrialist European populations have comparatively high E3 frequencies, with 
Sardinians showing the highest frequency at 90% (Corbo and Scacchi 1999).  
 Furthermore, E3 is the highest frequency allele in all populations, including in 
non-agricultural populations with high E4 frequencies. And E4 retains a presence, albeit 
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at lower rates, even in agricultural / post-agricultural populations. This suggests that E4 
was the ancestral allele, and E3 arose as a mutation that has gradually replaced E4 as 
the dominant allele over time (Corbo and Scacchi 1999, Fullerton et al. 2000, Di Rienzo 
and Hudson 2005). E2 frequencies remain low throughout all human population, with 
non-agricultural and agricultural / post-agricultural populations having similar 
frequencies (Corbo and Scacchi 1999) (See TABLE 2.4.2 and TABLE 2.4.3) – 
suggesting no selection. These studies support the premise that subsistence plays a 
role in the selection of some APOE variants and may account for allele differences 
between populations. However, theories as to why some alleles demonstrate a stronger 
association with subsistence than others remain unclear. This study seeks to confirm 
the hypotheses that E4 is linked with non-agriculture, and E3 is linked with agriculture / 
post-agriculture. 
 
TABLE 2.4.2 Frequency of APOE Haplotypes in Human Populations (Liu 2015). 
Allele FREQUENCY 
E2 0.05 – 0.10 
E3 0.65 – 0.70 
E4 0.15 - 0.20 
 
TABLE 2.4.3 Frequency of APOE Genotypes in Human Populations(Liu 2015). 
GENO FREQUENCY  
E2/E2 0.60 
E2/E3 0.12 
E2/E4 0.02 
E3/E3  0.60 
E3/E4 0.23 
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E4/E4 0.002 
 
 
2.5 Association with Latitude 
 Like subsistence, latitude has become an increasingly researched variable in 
APOE studies. Theories suggest that the mechanism behind the association between 
APOE and latitude is climate, whereby extreme climates at specific latitudes and a 
subsequent increase in energy expenditure increase cholesterol needs (Eisenberg et al. 
2010). As with subsistence theories, these theories require further research; further, 
findings on the direction of association between APOE and latitude have been mixed 
(Gerdes et al. 2006, Han et al. 2011). While most studies reveal a north-south gradient 
(Zhang et al. 2010, Han et al. 2011), other studies have found a curvilinear association 
with latitude (Eisenberg et al. 2010). Nonetheless, from these studies, it can be 
determined that latitude plays a role in the selection of APOE variants. 
 The impact of latitude on APOE distribution is demonstrated in several studies 
(Eisenberg et al. 2010, Hu et al. 2011). A positive correlation exists between E4 and 
latitude in Chinese populations. The Harbin population, located at 45° N, has an E4 
frequency of 17.5%; this is compared to the lower latitude Haikou population, located at 
20° N, which has an E4 frequency of a 6.5% (Hu et al. 2011). A positive correlation is 
also found in European populations, with Nordic, German, and Scottish populations in 
northern Europe demonstrating higher E4 frequencies than those of Swiss, Spanish, 
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and French populations in lower latitudes (Gerdes et al. 1992, Corbo and Scacchi 
1999).  
 The highest E4 frequencies in Europe are found in the Saami populations 
located in northern countries, including Sweden, Finland, Norway, and parts of Russia. 
These populations have an overall E4 frequency of 0.310. Inversely, at a 0.64 frequency 
rate, these populations have the lowest E3 frequency amongst sampled European 
populations (Corbo and Scacchi 1999, Eisenberg et al. 2010). In comparison, the 
Sardinians, as the southernmost European population studied, have the lowest E4 
frequency at 0.052 and the highest E3 frequency at 0.898 (Eisenberg et al. 2010).  
 A similar correlation has been found throughout Asia (Zhan et al. 2015, Han et 
al. 2016) and North America (Fullerton et al. 2000), in addition to a smaller, but still 
present, correlation in Africa (Zhan et al. 2015). E2 frequencies are low throughout all 
studied human populations, with the high-latitude Saami and lower latitude Sardinians 
having the same E2 frequency of 0.050 (Corbo and Scacchi 1999), suggesting that 
latitude plays no role in the presence of this particular allele. However, given previous 
research, latitude is likely associated with the other APOE variants. This study aims to 
examine the APOE latitude gradient by testing the hypotheses that E3 is correlated with 
low latitude, and E4 is correlated with high latitude.  
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3 Methods 
3.1 Phase 1 – Collecting Data 
Phase 1 focused on compiling data. Genotype data included SNP data, 
population codes, and allele frequencies that had been compiled during Phase 3 of the 
1000 Genomes Project and archived in the National Center for Biotechnology 
Information (NCBI). Phenotype data included subsistence and latitude data (See TABLE 
3.1.1).   
 
TABLE 3.1.1 Compiling Data 
Purpose Steps Data Compiled 
Compile Genotype Data 1  
 1A Genetic Sequences 
 1B Population Codes 
  Allele Frequencies 
Compile Phenotype Data 2 Subsistence 
 3 Latitude 
 
Genotype data was acquired in variant call format (VCF) through a NCBI 
database, the 1000 Genomes Browser (1KGB). This was located on the center website 
(accessed at 
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?assm=GCF_000001405.25)
. Samples were comprised of genotype sequences and allele frequencies from 124 loci 
on the apolipoprotein E gene, located on chromosome 19 of the human genome.  Data 
from 2,535 individuals was obtained.  
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The study also included phenotype data on the subsistence strategies of each 
sampled population. Information on subsistence patterns was gathered through 
anthropological literature and published information (Benyshek et al. 2006, Hancock et 
al. 2010). Based on literature, each population was catalogued as having a subsistence 
strategy of: (1) foraging, (2) pastoralism, (3) horticulture, (4) agriculture, or (5) 
industrialism.  
Foraging, pastoralism, and horticulture were associated with nomadic lifestyles, 
non-mechanized tools, and low fat diets. In comparison, agriculture and industrialism 
were associated with sedentary lifestyles, high-fat diets, and greater mechanization 
(Binford 1990, Ember 2014). While the majority of sampled populations were 
agricultural or industrial (Benyshek et al. 2006, Hancock et al. 2010), several 
populations used a mix of strategies. For the purposes of this study, these strategies 
were simplified into a logistics / binary variable (Purcell et al. 2007) and further classified 
into two groups: (1) non-agricultural, and (2) agricultural / post-agricultural (See TABLE 
3.1.2).  
 
TABLE 3.1.2 Subsistence Strategies in Human Populations  
Code Category Subsistence Strategy Lifestyle Explanation 
Diet / 
Lifestyle 
Geographical 
Location 
1 
 
Non-
Agricultural 
Foraging 
 
Non-
Sedentary 
Non-mechanized  
 
Low-Fat 
 
Central / S 
Africa, NE Asia, 
NE Australia 
  Pastoralism     
E Africa, 
throughout Asia 
  
Horticulture 
 
 
 
   
NW South 
America, SE 
Asia, NE 
Australia 
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2 
 
 
Agricultural 
/ Post-
Agricultural 
Agriculture 
 
 
Sedentary 
 
 
Some 
Mechanization  
 
High-Fat 
 
 
Throughout 
 
 
  
Industrialism 
 
 
 
 
Mechanized 
 
 
 
High-Fat 
 
 
 
Throughout 
(seen in 
developed 
nations) 
 
After gathering subsistence information, a separate dataset with population data 
for each sampled individual was acquired through The International Genome Sample 
Resource (IGSR) at http://www.internationalgenome.org/category/population/. In 
addition to population codes, which delimited the population origin of each individual, 
the dataset included the geographic location for each population. The latitude of each 
population was revealed by mapping the population’s location in Google Earth, Version 
7.3.0.3832 (accessed at https://www.google.com/earth/) (Keyhole, Inc. 2001). In this 
study, latitude was treated as a quantitative variable in PLINK (Purcell et al. 2007).  
 
3.2 Phase 2 – Creating Compact Datasets 
In Phase 2, compact datasets were created from the data compiled in the first 
phase. Data was first converted from VCF files into flat files that were compatible with 
software used in later phases of the study. These files were then merged, first with 
population data, then with subsistence and latitude data (See TABLE 3.2.1).  
 
TABLE 3.2.1 Creating Compact Datasets 
Purpose Step Output Files 
File Conversion 1 Genotype Data 
 1A MAP 
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 1B PED  
Merging Files 2 Population Codes (PED) 
 3 Phenotype Data (PED) 
 3A Subsistence 
 3B Latitude 
 
Data for this study, downloaded from the 1KGB, was stored in compressed files 
VCF files (Danecek et al. 2011). The datasets were converted into flat file formats that 
could be used with bioresearch software in the next three phases of the study. 
Afterward, genotype and phenotype data were merged into single, compact datasets. 
These compact datasets would allow for quicker parsing of data. 
Data from 124 typed SNPs was converted from VCF files into flat files through 
VCFtools, Version 4.2, (accessed at http://vcftools.sourceforge.net/) (Danecek et al. 
2011). VCFtools produced two output files: (1) a MAP file for genotype data, and (2) a 
PED file for phenotype data. The MAP file for this study provided summary statistics for 
the information stored in the PED file, with four columns listing chromosome, biomarker 
(locus), genetic distance, and genome position (See Step 1A). 
The correlating PED file had six columns: (1) family ID (initially listed as copies 
the family IDs) (2) sample ID, (3) paternal ID, (4) maternal ID, (5) sex, and (6) affection. 
Phenotype columns were followed by the genotypes of each individual. Paternal ID, 
maternal ID, sex, and affection were not variables in this study. As such, these columns 
were left as unknown, coded for by 0 (See Step 1B). Affection was later replaced with 
subsistence pattern and latitude, according to the variable being tested (See Step 3). 
 
Step 1A) MAP File 
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19 rs565734271 0 45408766 
19 rs72654466 0 45408786 
19 rs405509 0 45408836 
19 rs567707344 0 45408860 
19 rs537380977 0 45408915 
 
Step 1B) PED File, Original 
HG02485 HG02485 0 0 0 0 C T C 
HG02489 HG02489 0 0 0 0 C T C 
HG02052 HG02052 0 0 0 0 T T T 
HG02053 HG02053 0 0 0 0 C T T 
HG02054 HG02054 0 0 0 0 C T C 
Column 1 lists copies of the individual IDs (shown in Column 2); this list is later replaced by a list of 
population codes. 
Columns 3, 4, 5, and 6 list paternal ID, maternal ID, sex, and affection; these variables are not used in the 
study and are left as unknown.  
 
 The PED file was merged with several other phenotype datasets through R, 
Version 3.3.3 (accessed at https://www.r-project.org/) (R Core Team 2013). The file was 
first merged with a file on population codes, which was acquired from the IGSR and 
replaced the family ID column in the original PED file. (See Step 2). 
 
Step 2) Merged Population Codes (PED) 
ACB HG02485 0 0 0 0 C T C 
ACB HG02489 0 0 0 0 C T C 
ACB HG02052 0 0 0 0 T T T 
ACB HG02053 0 0 0 0 C T T 
ACB HG02054 0 0 0 0 C T C 
Column 1 lists population codes, which have replaced the copies of individual IDs in the original PED file, 
shown in Step 1. 
 
Two compact copies of this PED file were created; each file was combined with 
the dataset of an independent variable. Having two copies of the PED file allowed for 
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separate testing in Phase 5 of the study, whereby the variables, subsistence and 
latitude, were individually tested against APOE. With these copies, the dataset totaled 
three files: (1) a MAP file and (2) PED files that were almost identical, differing only in 
the sixth column.   
The first of these files was merged with subsistence data; data in the subsequent 
file was coded as 1 for non-agricultural subsistence strategies and 2 for agricultural / 
post-agricultural subsistence strategies (See Step 3A). The second PED file was 
merged with latitude data (See Step 3B). This phenotype data replaced the affection 
column in the original PED file. 
 
Step 3A) Final PED File – Copy 1, Subsistence 
ACB HG02485 0 0 0 2 C T C 
ACB HG02489 0 0 0 2 C T C 
ACB HG02052 0 0 0 2 T T T 
ACB HG02053 0 0 0 2 C T T 
ACB HG02054 0 0 0 2 C T C 
Column 6 lists subsistence data, which has been coded for non-agriculture and agriculture / post-
agriculture.  
 
Step 3B) Final PED File – Copy 2, Latitude   
ACB HG02485 0 0 0 13 C T C 
ACB HG02489 0 0 0 13 C T C 
ACB HG02052 0 0 0 13 T T T 
ACB HG02053 0 0 0 13 C T T 
ACB HG02054 0 0 0 13 C T C 
Column 6 lists latitude data.  
 
3.3 Phase 3 – Data Management and Summary Statistics 
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Data for this study was analyzed through PLINK, Version 1.07 (accessed at 
http://zzz.bwh.harvard.edu/plink/) (Purcell et al. 2007), which has five key functions: (1) 
data management, (2) summary statistics, (3) population stratification, (4) association 
analysis, and (5) identity-by-descent estimation. Phase 3 was comprised of data 
management and summary statistics and broken up into three steps: (1) file conversion, 
(2) genotyping rate test, and (3) allele frequency test (See TABLE 3.3.1).  
 
TABLE 3.3.1 Managing and Summarizing Data 
Purpose Steps Output Files 
Data Management 1 Convert Files 
 1A FAM 
 1B BIM – 2 copies: 1) subsistence, 2) latitude 
Summary Statistics 2 Genotyping Rate 
 2A Missing Loci Data 
 2B Missing Individual Data 
 3 Allele Frequency 
 
Prior to analysis, the MAP and PED files from Phase 2 were converted into 
binary files through PLINK. PLINK produced three binary files: (1) a BIM file (converted 
from the MAP file) for genotype data (See Step 1A), and (2) two FAM files (converted 
from the PED files in Phase 1) for phenotype data (See Step 1B).  
 
Step 1A) BIM File – Genotype Data 
19 rs565734271 0 45408766 A G 
19 rs72654466 0 45408786 G C 
19 rs405509 0 45408836 T G 
19 rs567707344 0 45408860 A T 
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19 rs537380977 0 45408915 T C 
 
Step 1B) FAM File, Subsistence  
ACB HG01914  0 0 0 2 
ACB HG01985  0 0 0 2 
ACB HG01986  0 0 0 2 
ACB HG02013  0 0 0 2 
ACB HG02051  0 0 0 2 
Subsistence data is shown in the last column. 
 
Step 1B) FAM File, Latitude 
ACB HG01914  0 0 0 13 
ACB HG01985  0 0 0 13 
ACB HG01986  0 0 0 13 
ACB HG02013  0 0 0 13 
ACB HG02051  0 0 0 13 
Latitude data is shown in the last column. 
 
After the data was converted into binary files, the dataset was pruned for later 
testing in PLINK. To ensure more accurate results for later analysis, the data was 
filtered based on two premises: (1) genotyping rate and (2) minor allele frequency. 
In the genotyping test, loci and individuals with missing genotypes were 
eliminated from the study. The parameters of the test were left at the default, MIND > 
0.1 (Purcell et al. 2007), so that the threshold for missing data was 10%. The 
genotyping rate test produced two output files for: (1) loci with missing samples (See 
Step 2A) and (2) individuals with missing genotypes (See Step 2B); individuals and loci 
with more than 10% of their data missing were eliminated from the dataset. 
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Step 2A) Missing Loci Data 
 
 
Step 2B) Missing Individual Data 
FID ID MISS_PHENO N_MISS N_GENO F_MISS 
ACB HG02485 N 0 124 0 
ACB HG02489 N 0 124 0 
ACB HG02052 N 0 124 0 
ACB HG02053 N 0 124 0 
ACB HG02054 N 0 124 0 
      
 
CHR SNP N_MISS N_GENO F_MISS 
19 rs565734271 0 2535 0 
19 rs72654466 0 2535 0 
19 rs405509 0 2535 0 
19 rs567707344    0 2535 0 
19 rs537380977 0 2535 0 
 
The remaining data was analyzed for allele frequencies, using the default 
parameters of MAF > 0.05 (Purcell et al. 2007). The output file showed the major and 
minor allele for each APOE locus, as well as revealed the number of alleles observed 
for each locus and the minor allele frequency. Based on the parameters, only loci with 
minor allele frequencies above 0.05 continued to be used in the study. 
 
3.4. Phase 4 – Population Stratification and Significance 
In Phase 4, data was corrected for population stratification through three filters. 
First, an independent-pairwise (“indep-pairwise”) test was conducted. Then results were 
subject to a Hardy-Weinberg test, whereby significant SNPs were flagged for further 
study. Afterward, an IBS test was conducted, and sampled individuals were clustered 
into homogenous groups (See TABLE 3.4.1).  
 
TABLE 3.4.1 Adjusting for Population Stratification 
 Ho 36 
Steps Test 
1 Indep-Pairwise 
2 HWE 
3 IBS / Clustering 
 
To account for population structuring, which results in genotyping errors, an 
indep-pairwise test was used to eliminate loci that were affected by linkage 
disequilibrium (LD) (Purcell et al. 2007). The indep-pairwise test was based on a linear 
regression model of r2 = 1- SSres  / SStot (Li 1997, Buzdugan et al. 2016). The parameters 
of the analysis were set so that r2 > 0.5, with SNPs having r2 values greater than 0.5 
showing LD and pruned from the dataset.  
Using a 50 SNP window that shifted across 10 SNPs at a time, the indep-
pairwise function tested the 124 sampled SNPs for r2 values that were greater than 0.5. 
Based on those parameters, the test produced two output files: (1) loci not affected by 
LD, and (2) loci affected by LD.  
SNPs affected by LD were removed from the study, and SNPs not affected by LD 
were extracted from the complete dataset for testing. Remaining loci were subject to a 
HW test, which was based on the algorithm, p2 = AA + aa (Li 1997). Results showing 
highly significant p values are often indicative of genotyping errors that result from 
population structuring, and these are often pruned from large genome-wide dataset. 
However, in multi-allelic genes such as APOE, results may instead be indicative 
of natural selection – thereby, showing SNPs with modestly significant p values as 
important markers and retaining them in the study. Given that APOE is a multi-allele 
biomarker based on two particular SNPs, rs429358 and rs7412 (Wang 2011, Villeneuve 
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et al. 2014, Buzdugan et al. 2016), only these two SNPs were retained for association 
tests.  
Using genotype data from the remaining loci, sampled individuals were examined 
through an IBS test, which analyzed similarity between all possible pairs of sampled 
individuals. The default controls, ppc1e-3, were used, so that each group would have at 
least one case and at least one control. Based on these parameters, genotypes of 
sampled individuals were examined for identical nucleotide segments at the typed SNPs 
(Buzdugan et al. 2016), and genetic distance was calculated between individuals. 
Sampled individuals were then accordingly clustered into homogenous groups, which 
also generated several MDS covariates that were used to control for population 
stratification in association tests (Purcell et al. 2007). The first two covariates were 
included when testing for association in later phases of the study. 
 
3.5 Phase 5 – Association 
 In the final phase of the study, the data were subject to two sets of association 
tests through PLINK (See TABLE 3.5). All tests included the first two MDS covariates 
from the IBS test to control for population stratification.  The APOE alleles were tested 
both as two separate SNPs and then as haplotypes against subsistence and latitude as 
independent variables. The purpose of these tests was to determine whether an 
association existed between APOE and each variable, as well as examine the direction 
of association (for example, is non-agriculture associated with E2, E3, or E4?)  
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Logistical association tests were conducted for subsistence, which was treated 
as an “affection” or a binary trait. Variants with odds ratios less than 1 were inferred as 
being correlated to non-agriculture; those with odds ratios greater than 1 were inferred 
to be associated with agriculture / post-agriculture. For latitude, which was treated as a 
continuous / quantitative trait, linear association tests were conducted. Variants with 
negative beta coefficients (ß coefficients) (less than 0) were determined to be linked 
with low latitude; those with positive ß coefficients (greater than 0) were determined to 
be linked with high latitude (See TABLE 3.5.1). 
Afterward, logistic models were conducted with subsistence and latitude as 
covariates. The purpose of these tests was to determine whether each variable had a 
modifying effect on APOE. Did the strength of association with APOE change when 
both variables were examined together? The parameters of each association test were 
set to p > 0.05, whereby SNPs / haplotypes with p values of less than 0.05 were 
determined to be statistically significant in subsistence and latitude.  
 
TABLE 3.5.1 APOE Association Tests 
Test Number Loci Variable Association Test 
1A SNP Subsistence Logistic 
1B  Latitude Linear 
1C 
  
Subsistence / Latitude 
as Covariates Logistic 
2A Haplotype Subsistence Logistic 
2B  Latitude Linear 
2C 
  
Subsistence / Latitude 
as Covariates Logistic 
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TABLE 3.5.2 Parameters for APOE Association Tests 
Association Logistic Association Linear Association 
Significance P Value SUB OD LAT BETA 
Yes < 0.05 1 < 1 Low < 0 
No > 0.05 2 > 1 High > 0 
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4 RESULTS 
4.1 Compiled Data  
Data for the study was collected through three sources: (1) the 1KGB for genetic 
data, (2) anthropological literature on subsistence data, and (3) Google Earth for latitude 
data. A search for APOE on the NCBI’s 1KGB yielded several VCF files containing 
genotype data for 124 loci from APOE. For each of the 124 loci, 2,535 individuals were 
genotyped. VCF files contained the 124 SNP markers, individual IDs of the 2,535 
individuals, and genotypes for each individual at the 124 loci. 
Population data was also found through the 1KGB. The data showed that the 
2,535 individuals sampled came from 26 populations, for which allele frequencies were 
included (See TABLE 4.1.2). Sample sizes ranged from 65 to 112 per population, with 
an average of 98 individuals sequenced. Population data, comprised of geographical 
locations, showed that populations engaged in a variety of subsistence strategies and 
were widely-dispersed through Africa, Asia, Europe, North America, and South America.  
A literature search revealed that populations participated in various subsistence 
strategies. While many subsistence strategies, excepting pastoralism, were present in 
the total sample, there was little variety in the methods that groups used to acquire food. 
Variation was further eliminated by treating subsistence as a binary variable, whereby 
populations were further categorized into two subsistence methods: (1) non-agricultural 
and (2) agricultural / post-agricultural.  
Amongst the sampled populations, the majority tended towards agricultural / 
post-agricultural subsistence strategies (Hancock et al. 2010). Half of the populations 
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included in the study were categorized as agricultural or industrialist (Benyshek et al. 
2006). Of the remaining populations, only three were categorized as non-agricultural 
(Hancock et al. 2010). The Gambian population demonstrated a subsistence method of 
horticulture. And two other groups, the Esan and the Luhya, engaged in multiple 
subsistence methods. The Esan were determined to have a mixed foraging and 
agriculturalist strategy, while the Luhya were categorized as a mixed horticulturalist and 
agriculturalist population. No pastoralist populations were included in the sample 
(Benyshek et al. 2006). 
Following a literature search on subsistence, locations of groups, acquired 
through the 1GSR, were mapped in Google Earth. Findings showed that with the 
exception of two populations, the majority of sampled populations were situated north of 
the equator. Of the exceptions, only the Peruvian population of Lima were located below 
the equator at 12° S, and the Luhya of Webuye, Kenya were located directly on the 
equator. Nonetheless, despite the lack of populations sampled from the southern 
hemisphere, sampled populations were widely-dispersed, ranging between low and mid 
latitudes, with a few high latitude populations. The geographic location of these groups 
ranged from the southernmost populations, the Peruvians at 12° S and the Luhya at 0°, 
to the northernmost population, the Finnish at 61° N (See TABLE 4.1.1). 
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TABLE 4.1.1 Subsistence Strategies and Latitude of Sampled Populations  
Population POP Subsistence SUB Location LAT 
African 
Caribbean ACB Industrialism 2 Bahamas 13 ° N 
African 
American ASW Industrialism 2 U.S.A. 32° N 
Bengali BEB Agriculture 2 Bangledash 23° N 
Chinese Dai CDX Agriculture 2 Xishuang, China 22° N 
European 
American CEU Industrialism 2 Utah, U.S.A. 39° N 
Northern 
Chinese Han CHB Industrialism 2 Beijing, China 39° N 
Southern 
Chinese Han CHS Industrialism 2 
Guangzhou, 
China 23° N 
Colombian CLM Industrialism 2 Medellin, Colombia 6° N 
Esan ESN Foraging, Agriculture 1 Nigeria 9° N 
Finish FIN Industrialism 2 Finland 61° N 
British GBR Industrialism 2 Great Britain 53° N 
Gujarti Indian GIH Agriculture 2 Houston, T.X., U.S.A. 29° N 
Gambian GWD Horticulture 1 Western Division, Gambia 13° N 
Iberian Spanish IBS Industrialism 2 Iberian Peninsula, Spain 40° N 
Indian Telegu ITU Agriculture 2 U.K. 55° N 
Japanese JPT Industrialism 2 Tokyo, Japan 35° N 
Khin KHV Agriculture 2 Ho Chi Minh City, Vietnam 10° N 
Luhya LWK Horticulture, Agriculture 1 Webuye, Kenya 0° 
Mende MLS Agriculture 2 Sierra Leone 8° N 
Mexican 
American MXL Industrialism 2 
L.A., C.A., 
U.S.A. 34° N 
Peruvian PEL Agriculture 2 Lima, Peru 12° S 
Punjabi PJL Agriculture 2 Lahore, Pakistan 31° N 
Puerto Rican PUR Industrialism 2 Puerto Rico 18° N 
Tamil STU Agriculture 2 Siri Lanka 55° N 
Toscani TSI Industrialism 2 Tuscany, Italy 43° N 
Yoruba YBI Agriculture 2 Ibadan, Nigeria 7° N 
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TABLE 4.1.2 APOE Allele Frequencies of Sampled Populations 
 
  
POP SUB LAT rs429358 rs7412 
   T C C T 
ACB 2 13°N 0.7448 0.2552 0.9249 0.0751 
ASW 2 32°N 0.7951 0.2049 0.8750 0.1250 
BEB 2 23°N 0.9128 0.0872 0.9477 0.0523 
CDX 2 22°N 0.8978 0.1022 0.8987 0.1022 
CEU 2 39°N 0.8232 0.1768 0.9343 0.0657 
CHB 2 39°N 0.8981 0.1019 0.8932 0.1068 
CHS 2 23°N 0.9429 0.0571 0.9238 0.0762 
CLM 2 6°N 0.8457 0.1543 0.9149 0.0851 
ESN 1 9°N 0.7576 0.2424 0.9495 0.0505 
FIN 2 61°N 0.8131 0.1869 0.9293 0.0707 
GBR 2 53°N 0.8242 0.1758 0.9231 0.0769 
GIH 2 29°N 0.9515 0.0485 0.9612 0.0388 
GWD 1 13°N 0.7257 0.2743 0.8673 0.1327 
IBS 2 40°N 0.8598 0.1402 0.9439 0.0561 
ITU 2 55°N 0.9167 0.0833 0.9510 0.0490 
JPT 2 35°N 0.9183 0.0817 0.9519 0.0481 
KHV 2 10°N 0.9091 0.0909 0.8283 0.1717 
LWK 1 0° 0.6212 0.3788 0.9545 0.0455 
MLS 2 8°N 0.7412 0.2588 0.8588 0.1412 
MXL 2 34°N 0.9141 0.0859 0.9531 0.0469 
PEL 2 12°S 0.9412 0.0588 0.9941 0.0059 
PJL 2 31°N 0.9167 0.0833 0.9635 0.0365 
PUR 2 18°N 0.8942 0.1058 0.9519 0.0481 
STU 2 55°N 0.8676 0.1324 0.9559 0.0441 
TSI 2 43°N 0.8972 0.1028 0.9533 0.0467 
YBI 2 7°N 0.7639 0.2361 0.8935 0.1065 
AVG:   0.8494 0.1506 0.9249 0.0751 
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4.2 Pruned Dataset  
 Phase 3 and Phase 4 of the study were focused on filtering the dataset. 
Individuals / loci with missing data and SNPs affected by population stratification were 
eliminated from study. SNPs not found to be statistically significant to the APOE gene 
were also eliminated from study. The data was subject to several filters, including a 
genotyping rate test, allele frequency test, indep-pairwise test, HW test, and IBS 
analysis.  
A genotyping rate test, with parameters set at MIND > 0.1, yielded results that 
showed no missing data. For every one of the 2,535 individuals sampled, genotype data 
was available at all 124 of the loci tested. With this test, no individuals or SNPs were 
eliminated from study.   
Following a genotyping test, an allele frequency test, with parameters of 0.01, 
resulted in 116 SNP being removed from the study. This left eight biomarkers for further 
testing. The remaining SNPs included rs405509 (located on the promoter region of 
APOE), rs440446, rs769450 (which has also been associated with apolipoprotein A5), 
rs769449, rs1081105, and rs877973. Minor allele frequencies for these SNPs ranged 
from 0.4736 in rs405509 (highest) to 0.1598 in rs877973 (lowest). Rs429358 and 
rs7412 were also included, with minor allele frequencies of 0.1507 and 0.07475, 
respectively (See TABLE 4.2.1).  
 
TABLE 4.2.1 Minor Allele Frequencies of APOE SNPs 
CHR SNP A1 A2 MAF 
19 rs405509 T G 0.4736 
19 rs440446 C G 0.3746 
 Ho 45 
19 rs769450 A G 0.3268 
19 rs429358 C T 0.1507 
19 rs7412 T C 0.0747 
19 rs769449 A G 0.0658 
19 rs1081105 C A 0.0297 
19 rs877973 A C 0.0159 
 
4.3 Linkage Disequilibrium and Significance of APOE SNPs 
Data was adjusted for population stratification through an indep-pairwise test. An 
indep-pairwise test on the eight remaining locus followed the parameters of r2 > 0.5. 
SNPs that did not pass the parameters of the test were listed in an output file. A second 
output file listed five remaining SNPs, which had passed the indep-pairwise test. These 
SNPs were rs769450 at position 45410444, rs1081105 at position 45412955, and 
rs877973 at position 45409283 – as well as SNPs rs429358 and rs7412 (See TABLE 
4.3.1). These SNPs were statistically determined to be in linkage equilibrium and 
remained in the dataset, which was further pruned through a HW test. 
 
TABLE 4.3.1 Indep-Pairwise Results for APOE 
CHR SNP POS A1 A2 
19 rs769450 45410444 A G 
19 rs429358 45411941 C T 
19 rs7412 45412079 T C 
19 rs1081105 45412955 C A 
19 rs877973 45409283 A C 
 
After the indep-pairwise test, a HW test was conducted on remaining loci. Using 
the parameters, p > 0.05, the test further reduced the list of biomarkers to be tested for 
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association with subsistence and latitude. HW results yielded two SNPs, rs429358 and 
rs7412, which p values of 0.02945 for rs429358 and 0.001484 for rs7412 (See 4.3.2). 
Given that research has linked these SNPs to APOE alleles (Wang 2011, Buzdugan et 
al. 2016), as well as, the modestly significant p values, it is unlikely that HW findings 
were the result of genotyping errors. Thus, these SNPs were not removed from the 
analysis based on the HW test.  Because rs529358 and rs7512 are precisely the SNPs 
relevant to determining APOE variants (Villeneuve et al. 2014), only these two SNPs 
were retained for the association analysis to simplify the remaining analyses.  
 
TABLE 4.3.2 HWE Results for APOE  
CHR SNP A1 A2 GENO O(HET) E(HET) P 
19 rs429358 C T 72/620/1843 0.2446 0.2560 0.02945 
19 rs7412 T C 14/351/2170 0.1385 0.1383 0.00148 
 
Finally, an IBS test was conducted on remaining SNPs. Using the control, ppc1e-
3 (Purcell et al. 2007), genetic distance was calculated between sampled individuals. 
Individuals were then clustered into homogenous groups (See FIGURE 4.3.3), based on 
similarity of their nucleotide sequences at rs429358 and rs7412 (Buzdugan et al. 2016). 
Clustering also generated several MDS covariates, which adjusted for population 
stratification. Based on IBS results, the first two covariates were included in association 
tests.  
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FIGURE 4.3.3 Sampled Data, Adjusted for Population Stratification
 
 
4.4. Association of APOE SNPs 
 SNPs rs429358 and rs7412 were tested for a correlation with: (1) subsistence, 
(2) latitude, and (3) subsistence and latitude as covariates. In all tests, the first two MDS 
covariates were included to adjust for population stratification. A logistical association 
test for subsistence showed that rs429358 was significantly associated with this 
phenotype.  The odds ratio for rs429358, 0.5217, suggests that the dominant allele, C, 
is associated with non-agriculture (See TABLE 4.4.1).  
 
TABLE 4.4.1 Logistic Association Test for APOE SNPs and Subsistence 
SNP A1 A2 Test OR  STAT P Significance 
rs429359 C T SUB 0.5217 -7.4000 1.36e-13 Yes 
rs7412 T C SUB 1.0140 0.1012 0.9194 No 
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 A linear association test for latitude showed a significant association with both 
SNPs. For rs429358, the negative clinked the C allele to low latitude. Similarly, the 
negative ß coefficient for rs7412 linked T to low latitude (See TABLE 4.4.2).  
 
TABLE 4.4.2 Linear Association Test for APOE SNPs and Latitude 
SNP A1 A2 Test BETA STAT P Significance Correlation 
rs429359 C T LAT -4.327 -6.598 5.067e-11 Yes Low Lat 
rs7412 T C LAT -3.171 3.455 0.0005603 Yes Low Lat 
 
However, when subsistence and latitude were treated as covariates, association 
results changed significantly. In the covariate model, rs429358 had a p value of 0.01697 
for subsistence and 4.955e-78 for latitude. From these values, it was inferred that each 
variable, subsistence and latitude, had a mitigating effect on the association between 
rs429358 and the other variable. While still present, the strength of association between 
rs429358 and subsistence, and between rs429358 and latitude, decreased.  
For rs7412, controlling for latitude caused the SNP to become highly significant 
in its association with subsistence (p = 9.396e-83). With an odds ratio of 1.135, this 
demonstrated that the dominant allele, T, was associated with agriculture / post-
agriculture when testing for subsistence and latitude together. In this model, rs7412 
continued to be associated with latitude (See TABLE 4.4.3).  
 
TABLE 4.4.3 Covariate Association Model for APOE SNPs, rs429358 and rs7412 
SNP A1 A2 Test OR  STAT P Significance Correlation 
rs429359 C T COVAR 0.7758 -2.387 0.01697 Yes 1, High Lat 
rs7412 T C COVAR 1.1350 19.270 9.396e-83 Yes 2, High Lat 
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4.5 Association of APOE Haplotypes 
The same set of association tests was done for the haplotypes: E2, E3, and E4. 
In each test, population stratification was accounted for by including the first two MDS 
covariates resulting from the IBS test in Phase 4. Both E3 and E4 were associated with 
subsistence (See TABLE 4.5.1). E3 was shown to be correlated with agriculture / post-
agriculture. In contrast, E4, with an odds ratio less than 1, was shown to be correlated 
with non-agriculture (See FIGURE 4.5.2).  
 
TABLE 4.5.1 Logistic Association Test for APOE Haplotypes and Subsistence 
HAP rs429358 rs7412 Test OR STAT P Significance Correlation 
E2 T T SUB 1.03 0.058 0.809 No N/A 
E3 T C SUB 1.63 38.7 4.92e-10 Yes 2 
E4 C C SUB 0.525 52.8 3.76e-13 Yes 1 
 
FIGURE 4.5.2 APOE Haplotype by Subsistence
*Dark Grey = Non-Agriculture   **Light Grey = Agriculture / Post-Agriculture 
 
CC TC TT
0.
0
0.
2
0.
4
0.
6
0.
8
1.
0
 Ho 50 
A linear association test for latitude showed that all three haplotypes are 
correlated with latitude (See TABLE 4.5.3). The b coefficients for E2, E3, and E4 were 
3.05, 4.32, and -4.28, respectively showing that E2 and E4 are correlated with low 
latitude and that E3 is correlated with higher latitude (See FIGURE 4.5.4).  
 
TABLE 4.5.3 Linear Association Test for APOE Haplotypes and Latitude 
HAP rs429358 rs7412 Test BETA STAT P Significance Correlation 
E2 T T LAT -3.05 10.8 0.00103 Yes Low Lat 
E3 T C LAT 4.32 59.3 1.93e-14 Yes High Lat 
E4 C C LAT -4.28 42 1.1e-10 Yes Low Lat 
 
FIGURE 4.5.4 APOE Haplotype by Latitude 
 
 
In the final association test, subsistence and latitude were treated as covariates. 
Thus, the results were adjusted to consider the mitigating influence of each variable. 
When corrected for latitude, E2 was significantly associated with post-agriculture while 
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E4 was significantly associated with non-agriculture (See TABLE 4.5.3). For E3, the 
correlation disappeared, as findings showed that the main determinant for that 
haplotype is latitude.  
 
TABLE 4.5.5 Covariate Association Model for APOE Haplotypes, E2, E3, and E4 
HAP rs429358 rs7412 Test OR STAT P Significance Correlation 
E2 T T COVAR 1.41 4.71 0.0299 Yes Post-Agriculture 
E3 T C COVAR 1.07 0.535 0.4650 No - 
E4 C C COVAR 0.775 5.63 0.0177 Yes Non-Agriculture 
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5 DISCUSSION 
Study results yielded mixed findings. HW analysis showed a clear link between 
rs429358 and rs7412, as well as, demonstrated similarities between observed and 
expected heterozygosity for both SNPs – indicating natural selection acting on these 
two SNPs and also confirming that APOE is a multi-allelic biomarker (Wang 2011) 
determined by these SNPs (Mahley et al. 2009). After accounting for population 
structuring, preliminary association tests on these APOE SNPs demonstrated a link 
between rs429358 and both subsistence and latitude, as well as a link between rs7412 
and latitude. 
 Association tests on APOE haplotypes E2, E3, and E4 supported the 
subsistence hypothesis of a link between E4 and non-agriculture (See TABLE 5.0.1), 
even when correcting for latitude and population stratification. However, evidence for 
this link is weak, given the small sample size of non-agricultural populations in the study 
(see CHAPTER 6.2). When correcting for latitude, there was no link between E3 and 
agriculture / post-agriculture. These results also did not support the latitude hypotheses 
of a link between E3 and low latitude and E4 and high latitude. Rather, the study found 
a negative correlation between E3 and high latitude, and between E4 and low latitude. 
This is inconsistent with previous studies that demonstrate link between E3 and low 
latitude and E4 and higher latitude (Lucotte et al. 1999, Hu et al. 2011). Further, 
association tests yielded results demonstrating a negative correlation between E2, 
agriculture / post-agriculture, and low latitude (See TABLE 5.0.2). Thus, the hypothesis 
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that E2 is not connected to either subsistence or latitude was refuted. When corrected 
for latitude, results linked E2 to agriculture / post-agriculture.  
TABLE 5.0.1 Association of APOE, Subsistence, and Latitude (Hypotheses) 
rs429358 rs7412 HAP SUB* LAT** 
T T E2 2 Low 
T C E3 2 Low 
C C E4 1 High 
*Negative association **Positive association 
 
TABLE 5.0.2 Association of APOE, Subsistence, and Latitude (Results) 
rs429358 rs7412 HAP SUB LAT 
T T E2* 2 Low 
T C E3** N/A High 
C C E4* 1 Low 
*Association with subsistence and latitude **Association with latitude only 
APOE haplotypes show a negative correlation with both subsistence and latitude. 
 
 Research has offered several theories regarding direction of association between 
APOE and both subsistence and latitude, whereby E3 demonstrates neutral selection 
while E4 demonstrates positive selection (Corbo and Scacchi 1999, Di Rienzo and 
Hudson 2005, Raichlen and Alexander 2014). With regards to subsistence, theories 
include the “thrifty allele” hypothesis and the energy expenditure hypothesis. In the 
“thrifty allele” hypothesis, researchers theorize that food shortages amongst foraging 
populations led to a selection for E4 (Corbo and Scacchi 1999). In the energy 
expenditure hypothesis researchers theorize that higher activity levels amongst foragers 
led to higher energy costs, whereby E4 was selected for (Boone 2002).  
Both hypotheses have been challenged and ultimately disproven. Studies 
demonstrate similar quantities of food between foraging and agricultural populations 
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(Benyshek et al. 2006). Other studies have also shown that while foraging societies 
have higher activity levels, their energy expenditure is similar to those of sedentary 
lifestyles (Pontzer et al. 2012, Raichlen et al. 2017).  
Nonetheless, results from this study demonstrate that E3 is common in all 
populations, regardless of subsistence strategy. These findings, as well as, a low p 
value for E3 (p = 0.465, when adjusted for latitude and population stratification) support 
theories of E3 as having neutral selection in subsistence. In comparison, E4 is shown 
as having a significant p value (p = 0.0177, when adjusted for latitude and population 
stratification), supporting theories of positive selection with regards to subsistence. 
Theories on latitude are more limited, but follow similar reasoning as theories 
regarding subsistence, whereby higher energy expenditure due to extreme climates has 
resulted in the selection of E4. In these findings, while an association exists between 
APOE and latitude, this association is curvilinear rather than showing a north / south 
gradient. Additionally, these findings show that climate, rather than latitude, results in 
the selection of APOE variants (Eisenberg et al. 2010). Thus, latitude becomes a 
correlation, rather than a causal effect, of APOE gene frequencies. 
P values from this study show that E3 (p = 1.193e-14) increases with latitude, 
and E4 (p = 1.1e-10) decreases with latitude. In addition to being inconsistent with 
findings showing an opposite north / south gradient (Lucotte et al. 1997, Hu et al. 2011), 
these results are also inconsistent with findings showing a curvilinear association 
(Eisenberg et al. 2010). 
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However, taking into consideration the samples used for each study, differences 
in range of latitudes could account for inconsistent findings. A larger, globally-dispersed 
sample size in this study could have resulted in different north / south findings from 
previous studies, which focused on populations within a single country (Hu et al. 2011) 
or continent (Lucotte et al. 1997) – thereby, limiting the range in latitudes and resulting 
in a stronger association between APOE alleles and latitude.  
Further, when considering the smaller sample size and limited latitude range in 
comparison to research showing curvilinear findings, results from this study may not be 
inconsistent with those findings. This is given that the sample data in this study ranges 
from low to mid latitude populations, with the highest latitude populations falling in the 
mid latitude range. This would have resulted in a E3 / high latitude, E4 / low latitude 
association, rather than in a curvilinear association – whereby E3 increases at mid-
latitude (represented as high latitude in this study) and E4 increases at low latitude and 
high latitude (less represented in this study) (Eisenberg et al. 2010). 
Given a larger sample, with more high latitude populations, it is possible that the 
results would have shown higher E4 frequencies at those latitudes – demonstrating a 
curvilinear finding consistent with the previous study. Such findings would have 
indicated support for the theory of latitude as a correlation and climate as a causal effect 
of APOE frequencies (Eisenberg et al. 2010). 
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6 CONCLUSION 
6.1 Final Outcome 
The study sought to examine SNPs, rs429358 and rs7412, as key determinants 
of the human APOE gene (Mahley et al. 2009, Villeneuve et al. 2014), as well as, 
analyze the associations between APOE, subsistence (Corbo and Scacchi 1999, 
Fullerton et al. 2000), and latitude (Eisenberg et al. 2010, Han et al. 2011). Based on 
prior research (Corbo and Scacchi 1999), the study hypothesized that E2 is not 
associated with subsistence or latitude, E3 is correlated with agriculture / post-
agriculture and low latitude, and E4 is correlated with non-agriculture and high latitude 
(See TABLE 5.0.1). 
In summary, the study demonstrates the significance of rs429359 and rs7412 in 
APOE variation, and shows a clear link between APOE, subsistence and latitude. 
However, the study offers limited support for the hypotheses, confirming the 
subsistence hypotheses and refuting the latitude hypotheses.  
 
6.2 Strengths and Limitations 
 The main strength of this study was in its breadth and its aim to study the 
interaction between subsistence and latitude in the context of APOE. This study 
included sequences of 124 APOE SNPs, from 26 populations – each with a wide range 
of latitudes. 
 While biomedical research has focused primarily on SNPs, rs429358 and 
rs7412, this study sought to avoid deductive bias resulting from a reliance on 
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assumption, and to move beyond a focus on rs429358 and rs7412. Instead, the study 
aimed to follow an inductive process that would confirm / reject rs429358 and rs7412 as 
significant in APOE association. A second aim was to examine other polymorphic APOE 
SNPs by including a larger sample size of loci. The resulting dataset was comprised of 
124 loci, including rs429358 and rs7412, as well as rs11542041 and other SNPs, which 
have been demonstrated to be significant in APOE and AD association studies 
(Masoodi et al. 2012). Including a larger dataset also allowed SNPs to be tested for 
linkage disequilibrium in a later phase of the study, thereby eliminating non-significant 
SNPs, as well as taking into consideration APOE’s role as multi-allelic biomarker.  
 The study also included a large sample size of populations, which were widely-
dispersed throughout low and mid latitudes (while most populations were in the northern 
hemisphere, latitudes ranged from 6°N to 61°N, and also included latitudes of 0° and 
12°S). Phenotype data was collected with the aim of providing a diverse sample size. 
Data was collected based on the theory that diversity in subsistence strategies and 
latitude would also lead to diversity in allele frequencies between populations. Having a 
large and diverse sample size allowed for a more accurate analysis of human genetic 
variability.  
 This analysis was furthered by the inclusion of subsistence as a covariate. 
Association results with subsistence and latitude as independent variables differed from 
those of subsistence and latitude as covariates. These findings demonstrate that human 
variability is complex and affected by several factors, rather than having a linear causal 
link with a single factor. 
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A major limitation of this study was using a binary analysis on subsistence. Upon 
initial review, populations showed a large range of subsistence strategies. When 
categorized into five groups (foraging, pastoralism, horticultural, agriculture, and 
industrialism), thirteen populations had a strategy of industrialism, and ten populations 
had a strategy of agriculture. The sample also included one horticulturalist population 
and two mixed subsistence populations.  
However, when categorizing populations into two groups (non-agriculture and 
agriculture / post-agriculture), 23 of the 26 populations engaged in agricultural / post-
agricultural subsistence strategies. Only three populations engaged in non-agricultural 
strategies. A binary analysis of subsistence eliminated variation between populations 
and further decreased the sample size of non-agricultural populations. Thus, results of 
an association between APOE and subsistence were limited by a small sample size 
(demonstrated in the higher p values / lower strength of association between APOE and 
subsistence compared to between APOE and latitude).  
A second limitation of this study was that despite the inclusion of globally-
dispersed populations, the sample data continued to have limited variability in latitude. 
Genotype data acquired from 1000 Genomes was comprised of mostly low and mid 
latitude populations, with only a few high latitude populations. This resulted in a stronger 
link between E3 and high latitude, and between E4 and low latitude. Such findings were 
inconsistent with previous studies (Lucotte et al. 1997, Eisenberg et al. 2010, Hu et al. 
2011) and provided for a less accurate analysis. 
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Finally, this study failed to address other variables associated with either 
subsistence or latitude, that may also play a key role in shaping the distribution of APOE 
in human populations. Both subsistence and latitude bring selective challenges, 
including extreme climate, high cell turnover, and elevated metabolic rate – resulting in 
increased cholesterol needs that influence APOE selection (Eisenberg et al. 2010). 
Failing to measure and test for an association of these variables led to the inability to 
form theories as to the nature of the association between APOE, subsistence, and 
latitude. The study was able to discern that an association existed but not why that 
association existed, nor why specific variants were selected for over others. Thus, the 
study became limited in its depth and examination of the complexity of human genetic 
variation.  
  
6.3 Further Research 
Given that study results are contrary to those of previous studies, with regards to 
the direction of association between APOE and latitude, further research is needed to 
offer comparisons that would confirm / refute findings. Future studies should include a 
wider range of latitudes between populations, including low, mid, and high latitude 
populations.  
Also, while the study has shown the complexity of human genetic variation and 
the modifying roles that environmental / cultural factors have on APOE selection, further 
exploration is needed for a more in-depth understand the nature of those associations. 
Comparative studies would allow for clarification on previous theories and the formation 
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of new theories as to the selective factors, accompanying subsistence and latitude, 
which influence APOE distribution. 
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APPENDIX – TABLE HEADINGS 
A1       allele 1 / dominant allele / major allele 
A2       allele 2 / minor allele 
BETA       beta coefficient 
CHR       chromosome 
E(HET)      expected heterozygosity 
FREQ       frequency 
GENO      genotype 
HAP       haplotype 
LAT       latitude 
MAF       minor allele frequency 
OD       odds ratio 
O(HET)      observed heterozygosity 
P       p value 
POP       population code 
POS       position 
SNP       single-nucleotide polymorphism 
SUB       subsistence code 
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